Abstract. We describe the method of measuring the integrated luminosity of the e + e − collider DAΦNE, the Frascati φ−factory. The measurement is done with the KLOE detector selecting large angle Bhabha scattering events and normalizing them to the effective cross section. The e + e − → e + e − (γ) cross section is calculated using different event generators which account for the O(α) radiative initial and final state corrections, and the φ resonance contribution. The accuracy of the measurement is 0.6%, where 0.3% comes from systematic errors related to the event counting and 0.5% from theoretical evaluations of the cross section.
Introduction
For an accurate measurement of the cross section of an e + e − annihilation process, the precise knowledge of the collider luminosity is required. The luminosity depends on three factors: beam-beam crossing frequency, beam currents and the beam overlap area in the crossing region.
However, the last quantity is difficult to determine accurately from the collider optics. Thus, experiments prefer to determine the luminosity by the counting rate of well selected events whose cross section is known with good precision. Since the advent of low luminosity e + e − colliders, a great effort was devoted to obtaining good precision in the cross section of electromagnetic processes, extending the pioneer work of the earlier days [1] . At the e + e − colliders, working in the range 1 GeV < √ s < 3 GeV, such as ACO at Orsay, VEPP-II at Novosibirsk, and Adone at Frascati, the luminosity measurement was based on small angle Bhabha scattering, or single and double e + e − bremsstrahlung [2, 3] , thanks to the high statistics. The electromagnetic cross sections scale as 1/s, while elastic e + e − scattering has a steep dependence on the polar angle, ∼ 1/θ 3 , thus providing high rate for small values of θ. At low and intermediate energy high-luminosity meson factories, the small polar angle region is difficult to access for the presence of the low-beta insertions close to the beam crossing region, while wide angle Bhabha scattering produce a large counting rate and can be exploited for a precise measurement of the luminosity.
We have measured the luminosity counting the number of large angle Bhabha scattering events and normalizing this number to the effective Bhabha cross section σ eff :
The effective cross section is evaluated by inserting into the detector simulation different event generators which include radiative corrections at a high level of precision.
In eq.
(1) the number of background events, N bkg , is determined and subtracted from the observed events, N obs .
The main advantages of this method are:
i) high theoretical accuracy by which the cross section could be calculated;
ii) clean event topology of the signal and small amount of background;
iii) large statistics: for σ eff ∼ 430 nbarn in 45
• < θ e <
135
• , even at the lowest luminosities obtained in the data taking period, the statistical error δL/L ∼ 0.3%
is reached in about two hours of data taking.
In the following we describe the luminosity measurement using large angle Bhabha scattering. The on-line measurement, with 5% accuracy, was used to provide a fast feedback to DAΦNE. The off-line analysis which is described in this paper reaches a precision of 0.6%, dominated by the uncertainty quoted at present, in the calculation of the Bhabha cross section. A high precision on L is particularly useful in the KLOE measurement of the hadronic cross section [5] .
The DAΦNE collider
The DAΦNE e + e − collider [4] is designed to run at high luminosity in the energy region corresponding to the resonance φ(1020). It consists of two independent electron and positron rings of 98 m length with beams that cross at two interaction regions with angle of ∼ 25 mrad. DAΦNE was commissioned in 1999 and since 2000 was working with in- At the end of 2005 KLOE has collected an integrated luminosity of ∼ 2.5 fb −1 , as shown in Fig. 1 . The measurement presented here only refers to the data taken during 2001, although KLOE will use the same luminosity method for the remaining data set.
DAΦNE works in the "topping up" mode, injecting beams with a frequency of about three fillings per hour while the KLOE experiment is continuously taking data.
The main beam parameters are presented in Table 1 .
In the KLOE interaction region (IR) electron-positron beams cross with a small transverse momentum in the horizontal plane p T ∼ 13 MeV/c. The longitudinal and horizontal width of the beam-beam collision region is ∆z ∼ 12 mm and ∆x ∼ 1.2 mm respectively. All these quantities are measured run-by-run with very good accuracy (σ pT ≃ 100 keV, σ ∆z ≃ 0.1 mm, σ ∆x ≃ 0.05 mm) de- tecting large angle Bhabha events as it will be explained in the following. The beam energy spread is (0.302±0.001)
3 The KLOE detector The calorimeter [7] is divided in a barrel (45 
The selection of Bhabha scattering events
An on-line filter selects Large Angle Bhabha (LAB) events using only calorimeter information, to minimize the CPU time necessary for the whole event reconstruction; while a more refined off-line analysis is done selecting Very Large Angle Bhabha (VLAB) events, tightening the acceptance cuts and including also the tracking information.
The LAB selection is based on the following requirements:
1) at least two calorimeter clusters with energy 300 MeV < E cl < 800 MeV;
2) the two clusters with the minimum polar angle acollinear-
• | are chosen and ζ min < 10 • ;
3) the time cut |t cl1 − t cl2 | < 4 ns, for the two clusters; 4) both clusters with 45
5) cos α > −0.975, where cos α = r cl1 · r cl2 /|r cl1 | |r cl2 |, r being the cluster position (this cut is introduced to reject e + e − → γ γ events, which have a back-to-back topology);
6) the presence of at least 50 DC hits in the event.
The precision with which LAB events are selected is about 2) the two tracks must have opposite curvature;
3) both tracks must have momentum p ≥ 400 MeV;
1/N dN/dp (0.5 MeV) 
4) the two EMC clusters selected by the LAB filter must
have polar angle 55
5) the cut on the polar angle acollinearity for the two LAB clusters is further tightened to ζ < 9
• .
Evaluation of efficiencies
The effective VLAB cross section is obtained from Monte Carlo, it is therefore important to check that the resolu- 
The behaviour of ∆L/L as a function of θ cut shows that, in a 5
• range, the relative variation is ∆L/L = +0.003 −0.002 , consistent with the quoted systematic error.
Tracking efficiency
To evaluate the tracking efficiency we use LAB events because no tracking information is required in selecting this sample. Thus, we select events with a tagging track having p tag > 400 MeV and associated to one of the two LAB clusters.
In this subsample, we define the tracking efficiency ǫ track as the fraction of events which fulfil the following requirements:
1) at least a second track associated to the origin (as defined above), this track must be one of the two with the largest number of associated hits;
2) the track must have momentum p 2 > 400 MeV and curvature opposite to the tagging track;
3) the distance d between the first hits of tagging and candidate track must be larger than 50 cm.
We have verified that varying the values for d, p tag , p 2 the tracking efficiency ǫ track is stable and we find that the efficiency for data and Monte Carlo are: 
Cluster efficiency
To evaluate the cluster efficiency we select a subsample based on the tracking information. Wa ask for two and only two tracks with the following requirements:
-the two tracks are connected to one and only one vertex located at |r| < 5 cm;
-both tracks are emitted at polar angle 50
where θ is measured at the vertex position; -the track mass, m trk , defined as the mass associated to the momenta p 1 and p 2 under the hypothesis of a final state of two charged particles of the same mass and one photon, should be smaller than 90 MeV,
here p b is the average beam-beam transverse momentum measured run by run.
The last two cuts efficiently remove the background from µ + µ − and π + π − events. We then look for two calorimeter clusters satisfying the requirements:
1) |ρ lh − ρ cl | < ∆ρ = 40 cm, ρ cl being the position of the cluster in the x-y plane; this defines the cluster to track association;
2) |p − E cl | < ∆E = 210 MeV;
3) |t cl1 − t cl2 | < ∆t = 4 ns.
The cluster efficiency ǫ cluster is defined as the fraction of events in the control sample which fulfil the requirements.
We have verified that varying the values for ∆ρ, ∆t and ∆E the efficiency is stable and we find that the values for data and Monte Carlo are in good agreement: Since both data and Monte Carlo agree within statistical errors, we take the value 0.11% as the systematic uncertainty in the cluster efficiency.
Background
Given the cut on the track momentum, p > 400 MeV, the only relevant background processes are e + e − → µ + µ − and 
Cosmic veto
Cosmic ray events are vetoed at the trigger level, but a fraction of these events is flagged and recorded for calibration with a downscale factor of 5. Applying the VLAB selection on the downscaled events, we estimate the total fraction of VLAB events lost due the trigger veto directly from data. The effect is stable in time and an average correction of (0.40 ± 0.03)% has been applied to the effective cross section evaluated with Monte Carlo.
Evaluation of systematic effects
The effects on the acceptance and efficiency discussed so far do not show variations in time and therefore average corrections were applied to the whole data set. Other effects depend on the actual run conditions and there was need to determine the corrections on a run-by-run basis.
As will be shown, these time dependent effects are very small. In particular they are related to energy calibration and to variations in the center of mass energy.
Calorimeter energy calibration
We have studied the effect of a variation of the calorimeter energy scale on the LAB selection, which requires two energy clusters in the interval 300 − 800 MeV and we have is evaluated and compared with the Monte Carlo distribution (see Figure 6 ). We observe that i) the Monte Carlo overestimates the high energy tail of the distribution, and ii) there are systematic shifts in the E cl mean value.
We have calculated the systematic effect due to overes- from a coherent shift, the shape of the cluster energy distribution in VLAB events is the same in the three periods (see Figure 6 ).
The overall systematic error due to the calorimeter energy calibration is
Since the two effects tend to compensate, no correction was applied to the luminosity measurement.
Center of mass energy
The effective VLAB cross section is evaluated by Monte sured from VLAB events: variations in √ s never exceed a few hundred keV, and single run corrections are always smaller than 0.5%. The average correction is 0.1% and we consider this value also as the systematic uncertainty for this effect.
The VLAB cross section
The event generators Babayaga [9, 10] and Bhagenf [11] , developed for the large angle Bhabha scattering at DAΦNE and based on the cross section calculated in [12] , have been interfaced with the detector simulation program GEANFI Moreover, we have compared the differential distributions for the acollinearity ζ and the missing energy fraction
ee /s, which are very sensitive to the difference in the treatment of radiative effects. Also in this case we find good agreement as can be seen in Figure 8 . 
Results
The analysis refers to the data taken during the year 2001
for an integrated luminosity of 141 pb −1 . All corrections and systematic errors discussed above are summarized in Table 2 . Summing all errors in quadrature, the relative experimental uncertainty for the luminosity measurement using Bhabha scattering events is δL exp /L exp = 0.3%. (an improvement by more than a factor 2 is currently in progress [20] ) and it is confirmed by the comparison with other event generators.
The total error of the luminosity measurement is then δL L = δL exp L exp ⊕ δσ eff σ eff = 0.6%
